Abstract Heat shock protein (Hsp) 70BЈ is a human Hsp70 chaperone that is strictly inducible, having little or no basal expression levels in most cells. Using siRNAs to knockdown Hsp70BЈ and Hsp72 in HT-29, SW-480, and CRL-1807 human colon cell lines, we have found that the two are regulated coordinately in response to stress. We also have found that proteasome inhibition is a potent activator of hsp70BЈ. Flow cytometry was used to assay hsp70BЈ promoter activity in HT-29eGFP cells in this study. Knockdown of both Hsp70BЈ and Hsp72 sensitized cells to heat stress and increasing concentrations of proteasome inhibitor. These data support the conclusion that Hsp72 is the primary Hsp70 family responder to increasing levels of proteotoxic stress, and Hsp70BЈ is a secondary responder. Interestingly ZnSO 4 induces Hsp70BЈ and not Hsp72 in CRL-1807 cells, suggesting a stressor-specific primary role for Hsp70BЈ. Both Hsp70BЈ and Hsp72 are important for maintaining viability under conditions that increase the accumulation of damaged proteins in HT-29 cells. These findings are likely to be important in pathological conditions in which Hsp70BЈ contributes to cell survival.
INTRODUCTION
The highly conserved heat shock protein (Hsp) 70 family of proteins is a group of chaperones involved in protein folding, stabilization, and shuttling functions throughout the cell. Members of this protein family can be induced by various cellular stresses, including sublethal heat stress, radiation, heavy metals, ischemia, nitric oxide radicals, certain chemotherapeutics, and other stimuli that are able to activate heat shock transcription factors. The human Hsp70 gene family has a complex evolutionary history shaped by multiple gene duplications, divergence, and deletion. Analysis of the protein sequences of Hsp70 family members across a wide range of organisms including mammals indicates that over 75% of the sequence has been conserved throughout evolution (Rensing and Maier 1994) . Despite this relatively high evolutionary conservation, many Hsp70 isoforms are species or cell/tissue-type specific (Allen et al 1988; White et al 1994; Gutierrez and Guerriero 1995; Norris et al 1995; Tavaria et al 1996; Manzerra et al 1997; Place and Hofmann 2005) . Variations in thermal tolerance is most likely the result of species-specific differences in the presence of heat-inducible Hsp70s, as has been noted in vertebrates (Yamashita Correspondence to: Emily J. Noonan, Tel: 415 221-4810 x3282; Fax: 415 750-6639; E-mail: emily.noonan@gmail.com. Received 14 March 2007; Accepted 22 March 2007. et al 2004) . Within species, Hsp70 isoforms differ in correlation with thermotolerance (Hightower et al 1999) .
The human Hsp70 family contains 11 distinct genes located on several chromosomes, including both constitutive and inducible isoforms. The major inducible isoform retains the nomenclature Hsp70/Hsp72 and is the product of the HspA1A gene. In humans, damaged and unfolded proteins generated by heat stress are refolded with the help of Hsp72. Proteasome inhibitors like MG132, which decrease protein degradation, increase levels of Hsp72 both by increasing accumulation of damaged proteins and activating heat shock transcription factor 1 (Hsf-1) mediated transcription. Hsp72 plays a role in inhibition of apoptosis and, through its chaperoning activity and regulation of cell signaling pathways, the Hsp70 protein family plays a critical role in cell survival.
hsp70BЈ is another inducible Hsp70 gene at least partially conserved in the mammalian lineage, with homologs identified in Saguinus oedipus (cotton-top tamarin), Sus scrofa (pig), Bos taurus (cow), and Homo sapiens (human). To date, knowledge about Hsp70BЈ is limited. Unlike Hsp72, Hsp70BЈ is strictly inducible, having no detectable basal level of expression in most cells (Leung et al 1990; Parsian et al 2000) . Interestingly, homologs for the Hsp70BЈ gene (HSP6A) are not found in rodents (Parsian et al 2000) . Studies of the relationship of Hsp70BЈ to other members of the human Hsp70 family may reveal the specific functional role of this protein in the identified organisms.
With the availability of new sequence data and immunological reagents, it is also now practical to assay Hsp72 and Hsp70BЈ separately. Previously we reported differences in the activation profiles, both temporally and under cell number-dependent conditions, between hsp70BЈ and hsp72 in human colon carcinoma cell lines (Noonan et al 2007) . In the present study, we used siRNA technology to examine further the specific role of Hsp70BЈ in both human colon carcinoma cells and nontransformed colonocytes. We also report that the function of recently evolved Hsp70BЈ overlaps with Hsp72 but also has several distinctive features in the cellular stress response.
MATERIALS AND METHODS

Cell culture and treatments
HT-29 and SW-480 human colon carcinoma cell lines as well as CRL-1807 nontransformed human colonocytes were purchased from the American Type Culture Collection (Manassas, VA, USA). HT-29 and SW-480 cells were cultivated in McCoys Modified 5A media and CRL-1807 cells were cultivated in Dulbecco modified Eagle Media. Culture media for all cells lines were supplemented with 10% fetal bovine serum (FBS), 0.1mM nonessential amino acids, 50 U/ml streptomycin, 50 U/ml penicillin, and 1.0 g/ml amphotericin B. Cultures were maintained at 37ЊC in a humidified, 5% CO 2 atmosphere. Cells were counted using an American Optical Bright-Line Hemacytometer. Cell number was number of cells/9.62 cm 2 , the surface area of a 35-mm plate. All cultures were standardized under moderately low cell number conditions at 1e5-5e5 cells/9.62 cm 2 . Cells were treated with 10 M, 20 M, 30 M, and 60 M MG-132, 0.17M geldenamycin (GD), 100 M 5-fluorouracil (5-FU), 10 M 5-aza-2Ј-deoxycytidine (5-Aza), 300 M zinc (ZnSO 4 ), and 4 mM butyrate (BA). Standard heat shock conditions were 42.5ЊC for 1 hour unless specified.
siRNA transfection
Cultures were harvested with trypsin ethylenediaminetetraacetic acid (EDTA) solution, resuspended in serumfree media (OptiMEM, Gibco Life Technologies, Gaithersburg, MD, USA) in place of serum-supplemented media, and added to a 24-well plate, followed by incubation at 37ЊC no longer than 30 minutes before transfection. All siRNA assays included using a protocol in which transfection was performed at the same time as cell passage. Cells were plated at a confluency of 25-30%. To reach a working concentration of 100 nM, 0.05 nmol of siRNA was incubated with 2.1L DharmaFECT 4 transfection reagent in 100 L optiMEM at 25ЊC for 20 minutes and then added directly to cell cultures. Cultures then were incubated for 5-6 hours at 37ЊC, after which the media was replaced with fresh serum-supplemented media. Subsequent experiments were performed at 36-48 hours following siRNA transfections.
DNA constructs, transfection, clonal cell line isolation
A 690-bp DNA fragment was amplified by polymerase chain reaction (PCR) using HT-29 cell genomic DNA as template. Of the reported Hsp70 family promoter sequences in the National Center for Biotechnology Information (NCBI) database, our promoter most closely matches the HspA6 promoter sequence, which regulates expression of the Hsp70BЈ protein. The promoter from HT-29 cells includes all the promoter elements found in the NCBI sequence at approximately the same positions and spacing relative to the transcriptional start site (Noonan et al 2007) . Following sequence analysis, both hsp70BЈ promoter and an hsp70A promoter used for comparison were inserted into luciferase reporter vectors (pGL3-Basic vector catalog E1751, Promega, Madison, WI, USA). The hsp70A promoter was a gift from Dr. Richard Morimoto. The hsp70BЈ promoter then was inserted into a promoterless pEGFP expression vector (pEGFP-1, catalog 6086-1, Clontech, Palo Alto, CA, USA) and introduced into HT-29 and SW-480 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Using a 24-well plate format, 0.8 g of plasmid DNA was incubated with 3 L Lipofectamine 2000 in 100 L of Optimem (Gibco Life Technologies) for 20 minutes at 25ЊC and added directly to cell cultures. Serum-free media was used in place of serum-supplemented media and exchanged prior to addition of transfection mixture. Cells then were incubated for 4 hours at 37ЊC, after which the media was replaced with fresh serum-supplemented media. An additional CMV promoter driven pEGFP expression vector was constructed and introduced into cells in the same manner to serve as a control. Stably transformed cell lines were obtained using G418 selection (500 g/mL for 10 days) until no viable untransfected cultures remained. Clonal populations from these cells lines were obtained by isolated small colony selection using a cloning cylinder.
Control and heat shocked HT-29eGFP cultures analyzed by flow cytometry
Preliminary experiments were conducted to ensure the practicality of measuring hsp70BЈ promoter activation using the HT-29eGFP cells by flow cytometry. Control cultures (1.88e5 cells/9.62 cm 2 ) were maintained at 37ЊC and experimental cultures (1.75e5 cells/9.62 cm 2 ) were heat (ZnSO 4 ), and 4 mM butyrate (BA) for 12 hours. Extracts then were analyzed by immunoblotting using antibodies specific for Hsp70BЈ, Hsp72, and Actin.
shocked at 42.5ЊC for 1 hour and returned to 37ЊC for about 24 hours. Cells were harvested with trypsin-EDTA solution, resuspended in phosphate-buffered saline, and eGFP fluorescence was measured by flow cytometry using a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
A ''gate'' was drawn around the data points in the scatter plot expected to be intact cells to eliminate cell fragments and small particles. The M1 marker range was defined as fluorescence in the nonstressed cell population. Data based on the gated cell population showed that the control cells had most of their fluorescence in the M1 marker range (M1 ϭ 0-10, log scale) and only a very small percentage of cells had fluorescence in the M2 marker range (M2 Ͼ 10, log scale) where eGFP fluoresces. In contrast, a high percentage of the cells in heat shocked cultures had M2 fluorescence due to activation of the hsp70BЈ promoter and production of eGFP. For subsequent assays, both the % of cells induced in a population and the mean fluorescence of the induced cells were determined. Statistical analysis was performed using a paired Student's t-test.
Cell counting assay for viability
HT-29 and CRL-1807 cells were transfected with siRNAs specific to Hsp70BЈ, Hsp72, a combination of the two, or a nonspecific control on a 24-well plate format. Cultures were subjected to a standard heat shock or treated with increasing concentrations of MG-132 (as noted above) for 24 hours. Cultures then were passed and allowed to recover for 24 hours at 37ЊC. Remaining attached cells were considered to be viable because they are proliferative cells, and they were counted using flow cytometry. Cells were harvested with trypsin-EDTA solution and resuspended in equivalent 500-L volumes of phosphate-buffered saline/10% FBS, the FACSCalibur flow rate was set on high (60 L/minute), and samples were counted for 6 minutes and resuspended every 2 minutes to minimize settling within the sample tube. A gate was drawn around the data points in the scatter plot of intact cells (based on size) to eliminate cell fragments and small particles. Cells counts from each of the specific RNAi transfections then were compared to the nonspecific control group to determine the relative level of viability. Three independent experiments were performed, and statistical significance was determined using a paired Student's ttest.
Protein extraction
Cytosolic and nuclear extracts were prepared from HT-29 and SW-480 and CRL-1807 cells using the same protocol. Adherent cells growing on 35-mm plates were washed twice with cold PBS. Cells were incubated at 4ЊC for 10 minutes in 250 L lysis buffer with 0.1% NP-40 (10 mM HEPES-KOH, pH 7.9 10 mM KCl, 0.1 mM EDTA, 2 mM MgCl 2, 0.5 M sucrose, 1 mM DTT, 0.5 mM phenylmethylsulphonylfluoride [PMSF], and 2 g/mL leupeptin). Cells then were removed by scraping and centrifuged (15 000 ϫ g) at 4ЊC for 10 minutes. The resulting supernatant was used as cytosolic extract. The remaining pellet was washed with 100 L of the above buffer without NP-40, resuspended in 30 L buffer (20 mM HEPES-KOH, pH 7.9, 420 mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl 2, 5% glycerol, 1 mM DTT, 0.5 PMSF, and 2 g/ml leupeptin), and incubated on ice for 40 minutes. The suspension then was centrifuged (15 000 ϫ g) at 4ЊC for 10 minutes, and the resulting supernatant was used as nuclear extract. Protein concentrations for samples were determined using the Bio-Rad Protein Assay (Bio Rad, Hercules, CA, USA). for 24 hours in unstressed control (Ϫ) and standard heat shock (ϩ) conditions. Cytosolic extracts were prepared 24 hours from the start of heat treatment and analyzed by immunoblotting using antibodies specific to Hsp70BЈ, Hsp72, and the loading control, Actin.
Immunoblotting
For Western blot analysis, 10 g of cytosolic or nuclear extract (quantified using the Bio-Rad protein assay) was denatured under reducing conditions, separated on 7.5-10% sodium dodecyl sulfate polyacrylamide gels, and transferred to nitrocellulose by voltage gradient transfer. Blots were blocked with 5% nonfat dry milk and washed twice with 1.0% PBS:0.1% Tween buffer. Antibodies used in detection were anti-Hsp70BЈ (1:500), anti-Hsp72 (1: 1000), and anti-Hsp27 (1:1000; SPA-754, SPA-810 and SPA-800, respectively, [Stressgen Bioreagents, Ann Arbor, MI, USA]). The anti-Hsp70BЈ monoclonal antibody is specific for the human Hsp70BЈ protein, present only under stressed conditions, and does not crossreact with the other known inducible (Hsp72) or the constitutive (Hsc70/ Hsp73) Hsp70 family members. Detection of Actin using anti-Actin goat polyclonal (I-19, Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as a protein loading control. Complementary HRP-labeled secondary Abs (Sigma, St Louis, MO, USA) were used for protein detection by enhanced chemiluminescence. Recombinant Hsp70BЈ purified protein (SPP-756, Stressgen Bioreagents) was used as a detection control.
RESULTS
Expression of Hsp70B following exposure to various chemotherapeutic agents
Immunoblots comparing the cytosolic levels of Hsp70BЈ in HT-29, SW-480, and CRL-1807 cells following treatment with various cytotoxic agents are shown in Figure  1A -C. Hsp70BЈ expression was undetectable in all unstressed cultures (untreated), whereas Hsp72 was abundant in all 3 cell lines. Hsp70BЈ was readily detectable in cultures treated with proteasome inhibitor MG-132 for all 3 cell lines. MG-132 also increased levels of Hsp72 in all 3 cell lines. ZnSO 4 is a potent inducer of Hsp72 in many cell types and activates expression of Hsp70BЈ in the HT-29 and CRL-1807 cell lines (Fig 1A,C) , but not in the SW-480 cell line (Fig 1B) . Hsp72 levels increase in response to ZnSO 4 only in the HT-29 cell line (Fig 1A) . GD, BA, 5-FU, and 5-Aza did not promote the expression of Hsp70BЈ in these 3 cell lines. GD mildly induced Hsp72 in all 3 cell lines, and 5-FU had a similar mild induction in the HT-29 cell line (Fig 1A) . BA induced a small amount of Hsp72 in SW-480 cells only, and 5-Aza did not cause induction of Hsp72 in any of these three cell lines. The accumulation of proteasome substrate proteins therefore is a potent and consistent activator of Hsp70BЈ in colon cancer cells.
Proteasome inhibitor MG-132 is a potent activator of the hsp70B promoter
The HT-29 eGFP cell line has been characterized in a previous publication (Noonan et al 2007) . This cell line expresses the eGFP protein regulated by the hsp70BЈ promoter. To determine if the HT-29 hsp70BЈ promoter responds to the proteasome inhibitor MG-132, HT-29 eGFP cells were treated with 10 M MG-132 (Fig 2A) for 1 hour (horizontal line filled bars) or 2 hours (sphere filled bars) followed by a 24-hour recovery. The hsp70BЈ promoter was activated in response to treatment of cells with MG-132. The HT-29 eGFP cells then were induced with both a standard heat shock (HS) and 10 M MG-132 treatment in various sequences and examined by flow cytometry. Treatment with MG-132 before (vertical line filled and checkered bars) and during (diagonal line filled and gray scale bar) HS showed an additive effect on hsp70BЈ promoter activation as compared to a standard HS (open bars) or MG-132 alone. Cells treated with MG-132 immediately following HS (closed bar) showed an increased promoter activation as compared to HS alone (open bar), but it was significantly lower than MG-132 treatment before or during HS (P Ͻ 0.001). These results indicate a preceding HS may precondition HT-29 cells to MG-132 treatment, resulting in lower hsp70BЈ promoter activation.
The Hsp70BЈ protein levels also increased following treatment with MG-132 and HS (Fig 2B) . Cultures that received both HS and MG-132 accumulated higher levels of Hsp70BЈ relative to unstressed or MG-132 treatment alone. Hsp72 levels also increased following treatment with MG-132 or HS (Fig 2B) . However, Hsp72 did not increase significantly in cultures that received the combined treatment, unlike the additive increases in Hsp70BЈ levels.
Hsp72 knockdown increases protein levels of Hsp70B
In order to determine the contribution of Hsp70BЈ to the stress response and to increased levels of damaged proteins, we used RNA interference to selectively knock down Hsp70BЈ and Hsp72 in HT-29 and SW-480 colon carcinoma cell lines and in a nontransformed colonocyte cell line, CRL-1807 cells. siRNAs specific to human HspA1A/Hsp72 and HspA6/ Hsp70BЈ were purchased from Dharmacon RNA technologies (Lafayette, CO, USA). For controls, we performed a mock transfection using the DharmaFECT reagent and no siRNA treatment or transfection with a nontargeting control siRNA. 48-hours posttransfection, cultures received a standard HS, followed by a recovery at 37ЊC. Cytosolic and nuclear extracts were collected at subsequent time points of 12 and 24 hours relative to the start of heat treatment, and Hsp70BЈ and Hsp72 were detected by immunoblotting. Actin was detected as a control for equal protein loading. Knockdown of Hsp72 increased the cellular levels of cytosolic Hsp70BЈ at 12 hours ( Fig 3A) . However, knockdown of Hsp70BЈ did not affect Hsp72 expression under these conditions. Although Hsp70BЈ normally is expressed transiently in cells after a HS, with Hsp70BЈ expression returning to baseline after 24 hours, knockdown of Hsp72 promoted an accumulation of Hsp70BЈ at later time points (Fig 3B) . Knockdown of Hsp70BЈ or Hsp72 did not affect levels of another cytosolic Hsp27 in HT-29 cells ( Fig  3B) . Hsp27 levels also remained unchanged in SW-480 and CRL-1807 cell lines following an Hsp70BЈ knockdown (data not shown). The increase in cytosolic Hsp70BЈ levels following knockdown of Hsp72 was also apparent in heat shocked SW-480 cells (Fig 3C) . In SW-480 cells, there also was no change in Hsp72 levels in the Hsp70BЈ knockdown cultures.
A time course of protein expression was determined for the nontransformed colonocyte cell line CRL-1807 and the kinetics of expression were found to be similar to the HT-29 cell line. The one exception was that Hsp70BЈ levels remain stable for a longer time period in CRL-1807 cells; up to 24 hours post heat shock as compared to 18 hours in HT-29 cells (Fig 4A) . Hsp72 also was induced rapidly but levels remained stable up to 48 hours following heat stress, as in the HT-29 cell line. To determine if Hsp70BЈ and Hsp72 also were regulated coordinately in these nontransformed cells, siRNA transfections were performed (Fig 4B-D) . Knockdown of Hsp72 promoted the accumulation of Hsp70BЈ at the 12-hour (Fig 4B) and 24-hour time points (Fig 4C) in the CRL-1807 cell line similarly to the HT-29 cell line. At 48 hours, Hsp70BЈ was normally depleted in the CRL-1807 cells (Fig 4A) , however knockdown of Hsp72 promotes the accumulation of Hsp70BЈ even 48 hours post-heat shock (Fig 4D) . Again, knockdown of Hsp70BЈ did not appear to affect levels of Hsp72 at any of the time points. For each of the siRNA knockdown experiments performed, the kinetics of expression in the nuclear extract was analogous to results obtained from cytosolic extracts (data not shown).
Knockdown of Hsp72 increases hsp70B promoter activation
We next examined the effect of Hsp72 knockdown on hsp70BЈ promoter activation. HT-29 eGFP cells were transfected with siRNA specific for Hsp70BЈ, Hsp72, a combination, or a nonspecific control (NS). 48 hours following transfection, the cells were subjected to a standard heat shock (Fig 5A) or MG-132 treatment (Fig 5B) . Heat shocked cells were allowed to recover for 24 hours at 37ЊC and then all samples were analyzed by flow cytometry as described previously (see Control and heat shocked HT29eGFP cultures analyzed by flow cytometry section). siRNAtreated cells in unstressed conditions showed no detectable activation of the hsp70BЈ promoter (data not shown). As shown in Figure 5 , following a standard HS or treatment with MG-132, Hsp72 and Hsp70BЈ knockdown increased the number of cells with an activated hsp70BЈ promoter. These results were statistically significant as compared to the NS control for both HS and MG-132 treatments (P-value ϭ 0.04 and 0.02, respectively). We also examined the mean fluorescence value (a measure of average promoter activity) of the cell populations following heat stress and MG-132 treatment. The mean fluorescence of the HT-29 eGFP cells transfected with siRNA specific to Hsp72 was also higher compared to both NS control and Hsp70BЈ knockdown cells following heat shock (Fig 5C) and treatment with MG-132 (Fig 5D) . These results were statistically significant as compared to the NS control for both the heat shocked-and MG-132-treated cultures (P Ͻ 0.01). Therefore, the Hsp72 knockdown cells have a higher average level of activity of the hsp70BЈ promoter following heat stress and treatment with proteasome inhibitor MG-132. These results indicate that depleting levels of Hsp72 under stressed conditions causes an overall increased activation of the hsp70BЈ promoter in HT-29 cells. A summary of data collected in Figure 5 is shown in Table 1 .
Viability of Hsp70B and Hsp72 knockdowns to heat stress and MG-132
We determined whether Hsp72 or Hsp70BЈ knockdown reduced the viability of HT-29 cells and CRL -1807 cells following HS or MG-132 treatment. Cultures were transfected with siRNA specific for Hsp70BЈ, Hsp72, a combination of the two, and a nonspecific control (NS). Cultures were HS at 42.5ЊC for 1 hour or treated with MG-132 at concentrations of 10, 20, or 60 M for HT-29 cells, and 10, 20, or 30 M for CRL-1807 cells. CRL-1807 cells are more sensitive to MG-132, so a maximum concentra- tion of 30 M was employed. Cell counts from each of the specific siRNA transfections were collected as described in the methods and were corrected to the nonspecific control group to determine the relative level of viability. Nonspecific control cultures in both cell lines maintained a higher percentage of viable cells in the standard heat stress group as compared to MG-132 treatments (data not shown).
Both HT-29 ( Fig 6A) and CRL-1807 cells ( Fig 6B) had a lower thermal resistance following Hsp70BЈ or Hsp72 siRNA treatments. For both cell lines, the loss of viability was more pronounced when cells were treated with increasing concentrations of proteasome inhibitor MG-132. The decreased viabilities in the Hsp70BЈ and Hsp72 siRNA cells following both heat stress and MG-132 treatment were statistically significant (P Ͻ 0.01) in all samples.
DISCUSSION
Relative to other Hsp70 family members, the Hsp70BЈ is characterized by its tight regulation and high inducibility. To obtain insight into the role of Hsp70BЈ in cellular physiology, we screened a series of Hsp inducers for their ability to activate hsp70BЈ. Cytotoxic agents examined in this study included GD, an Hsp90 inhibitor; Znϩϩ, a heavy metal ion; BA, a short chain fatty acid; and 5-FU, a pyrimidine analog (Roigas et al 1998; Winklhofer et al 2001; Qing et al 2004; Arvans et al 2005) . 5-Aza, a DNA methyltransferase inhibitor shown to cause effects similar to heat shock under certain conditions, also was tested (Kim et al 1999; Gober et al 2003) . We found that the ZnSO 4 induction of Hsp70BЈ and Hsp72 is cell line specific. In CRL-1807 cells, ZnSO 4 induces Hsp70BЈ and not Hsp72, suggesting that Hsp70BЈ may play a primary role in the ZnSO 4 stress response. Although GD and 5-FU induced Hsp72 in at least one of the cell lines tested, these stresses apparently were not significant enough to cause induction of Hsp70BЈ. Interestingly, the proteasome inhibitor MG-132 is a potent inducer of hsp70BЈ in all the cell lines examined. It therefore appears that the accumulation of proteasome substrates (or perhaps the depletion of free ubiquitin) is a particularly potent inducer of Hsp70BЈ. It has been reported previously that proteasome inhibitors can activate heat shock transcription factor 1 (Hsf1) mediated transcription, and the hsp70BЈ promoter contains 4 putative Hsf1 binding sites (Noonan et al 2007) . It is not clear whether Hsf1 is solely responsible for this high degree of activation by the proteasome inhibitor or whether other promoter elements also come into play.
We also found that heat shock and proteasome inhibition together have an additive effect on Hsp70BЈ expression. The amount of Hsp70BЈ in cells subjected to HS and MG-132 treatment correlated with the increased activation of the hsp70BЈ promoter. These two stress events likely increase the amount of damaged protein accumulation in cells. Hsp72 is also strongly induced by MG-132 and HS. Because Hsp70BЈresponds to the more intense stress event, it may be induced to supplement the levels of Hsp72. Interestingly, different organisms have elaborated during evolution different families of Hsps to cope with stress. In plants, the most abundant inducible Hsps are the small Hsps, and there are many isoforms. In certain fishes from stressful environments, such as the Sonoran Desert topminnow Poeciliopsis, many isoforms of both the small Hsp and Hsp70 families have evolved (Hightower et al 1999) . In humans, and perhaps other large mammals, multiple isoforms of Hsp70 have evolved with Hsp70BЈ utilized under severe proteotoxic circumstances.
Interestingly, we found lower levels of hsp70BЈ activation in cells subjected to a HS prior to MG-132 exposure. Heat-conditioned cells have higher levels of stress proteins that participate in acquired thermotolerance or cytoprotection, and the higher levels of these proteins may obviate the need for Hsp70BЈ.
Because Hsp70BЈ and Hsp72 are closely related (unpublished results) and show varying responses to proteotoxic stresses, we decided to examine their contributions to the cellular stress response, both individually and in combination. In all 3 cell lines examined, knockdown of Hsp72 using siRNA technology substantially increased levels of Hsp70BЈ following stress, and knockdown of Hsp70BЈ did not increase the levels of Hsp72. This finding supports the idea that Hsp72 is a primary responder to proteotoxic stress and that Hsp70BЈ may be a secondary responder. In yeast, where the regulatory interactions among eukaryotic Hsp70 family members are best understood, members of a subfamily of Hsp70 proteins (SSA1, SSA2, SSA3, SSA4) are regulated similarly, with Ssa1 and 2 serving as primary responders and Ssa3 and 4 being more tightly regulated (Werner-Washburne et al 1987) .
With regard to their role in cell survival to stress, Hsp72 knockdowns were comparatively more sensitive to a standard HS than Hsp70BЈ knockdowns, whereas knockdown of either Hsp72 or Hsp70BЈ sensitized cells to increasing concentrations of MG-132. This further supports the idea that Hsp70BЈ plays a secondary response role in times of severe proteotoxic stress. As both Hsp70BЈ and Hsp72 knockdowns show a dramatic loss in viability in response to MG-132 treatment, it is clear that both Hsp70s are essential to survival during intense proteotoxic stress. In addition to removing toxic levels of damaged proteins, Hsp72 also has been shown to inhibit apoptosis by preventing apoptosome formation, preventing translocation of Bax to the mitochondria, and through interactions with the MAPK pathyway (Beere et al 2000; Mosser and Morimoto 2004) . It is not known whether Hsp70BЈ also can act through similar mechanisms. We A summary of data presented in Figure 5 . HT-29 eGFP cells were transfected with siRNA specific for Hsp70BЈ, Hsp72, a combination, and a nonspecific control (NS). 48 hours following transfection, the cells were subjected to a standard heat shock or treatment with 10 M MG-132 for 24 hours, and heat shocked cells were allowed to recover for 24 hours at 37ЊC. hsp70BЈ promoter activation was measured using flow cytometry by examining % fluorescent population and mean fluorescent values. Results are presented as an average of 3 independent experiments. P-values were determined by a paired Student's t-test comparing Hsp72 siRNA treatment compared to the NS control.
have shown herein that Hsp70BЈ is essential to survival during intense proteotoxic stress. It is possible that Hsp70BЈ may contribute to resistance to cell death in pathological conditions where this cellular state exists. There remains the interesting observation that Hsp70BЈ is induced transiently and then rapidly degraded by a proteasome pathway in response to stress. Unlike Hsp72, high levels of Hsp70BЈ are either not needed by cells or may be detrimental during prolonged recovery from stress or in the cytoprotected state. Determining whether or not Hsp70BЈ also plays a role in cytoprotection and displays specific activation profiles in certain tissues or disease states may give us a clearer understanding of its physiological function(s).
